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Notes on Recent Development m Concrete
By LT. COL. H. C. BOYDEN, Portland Cement Association, 111 West Washington Street, Chicago
It is possible that some of the points to be
brought out in this paper are more or less famil-
iar to some of those present, through the reading
of publications on the subject and the discussion
of them in the technical press. There are many,
however, to whom the facts will be new and of
interest and the others may have questions they
would like to have answered. If these questions
are not answered in this paper, the Portland
Cement Association will be glad to send further
information.
The art of making concrete is an old one, but
it is only in recent years that serious large scale
investigations of its structure and the real effect
of various combinations of the ingredients have
been undertaken.
In 1914 the Structural Materials Research Lab-
oratory was established at Lewis Institute, Chi-
cago, with Professor Duff A. Abrams at its head.
The establishment of this laboratory was made
possible through the cooperation of the Portland
Cement Association and the Lewis Institute.
This laboratory is a striking example of coopera-
tion btween an engineering college and a manu-
facturing industry of international scope.
There are only two ideas governing the policy
of this laboratory: the first is, that the real facts
regarding concrete and its ingredients shall be
found out, with a liberal policy regarding the
time required and the expense involved; the sec-
ond is, that whatever the conclusion may be, they
shall be given to the engineering profession for
the improvement of the art of making concrete.
These investigations are still being carried on,
but many points of vital importance have already
been established. As an example, the established
data warrant the use of considerably higher unit
stresses than those in common use today, with a
consequent reduction in section. Conclusions
have also been reached that will enable us to ob-
tain excellent results with aggregates heretofore
condemned and to increase greatly the ability of
concrete to resist wear.
These conclusions, and many others, are all
based on tests running into the thousands and
covering long periods of time. Incidentally, the
laboratory is equipped for and is making close to
50,000 tests a year, so that there is no lack of
facilities for carrying out investigations in the
most thorough manner.
GENERAL
The study of concrete may be conveniently
divided into three phases:
1. The study of the characteristics of the
ingredients;
2. The study of the effect of making various
combinations of these ingredients;
3. The study of the effect of the various ma-
nipulations of the ingredients in making
and curing the concrete.
This paper will touch on only those investiga-
tions that have brought out essential changes in
our previous ideas of the subject or have con-
firmed those ideas beyond a doubt.
It has been the custom to speak of concrete as
having three ingredients, cement, fine aggregate,
and coarse aggregate. The laboratory studies
have shown the desirability of classifying the
ingredients as cement, aggregate and water, or if
it is still desired to maintain the purely arbitrary
division of the aggregate into fine and coarse, to
add the fourth ingredient, water.
Although cement is one of the most important
ingredients of concrete, it requires probably the
least discussion, as all the standard brands of
Portland Cement on the market today conform to
prenerally accepted specifications and the labora-
tory investigations have brought out no essential
changes in these specifications.
As stated above, the aggregate has always been
divided into two parts, sand and crushed stone
m- pebbles. The line of division, purely an arbi-
trary one, has been the quarter-inch screen, the
nortion passing through this screen being classi-
fied as fine aggregate or sand, and that portion
retained on the screen being called the coarse
aggregate. There is no particular advantage
framed by this division, but it would be much bet-
ter to consider the aggregate as a whole, with a
•oroper graduation of the various sizes from the
largest to the smallest. It is not intended by
this, however, to recommend the use of bank run
or crusher run aggregate, as under no conditions
should they be used without separating the sizes
and recombining in the proper proportions.
However, until such time as this method of con-
sidering the aggregate shall have become of gen-
eral practice we will consider it as divided into
two parts by the Vj/' or No. 4 screen, and will so
discuss it.
FINE AGGREGATE
It is customary to specify that the fine aggre-
gate shall be clean, sharp and not too fine, lt
would be better to use the word hard rather than
sharp, as sharp sands give lower results than
rounded or smooth sands. This is no doubt due
to the larger amount of water required to obtain
a workable mix when the sand is sharp or angular.
The laboratory studies have brought out two
important facts regarding sands. One of these
is the great importance of being sure that the
material is clean, not only in appearance but in
fact. Very often^ sand which appears to the eye
to be clean, contains enough humus or vegetable
matter to reduce the strength of the concrete very
considerably.
As an illustration a clean sand gave a comprss-
sive strength at 28 days of 1,900 pounds. This
same sand with one-tenth of one per cent of tan-
nic acid added, gave a strength of only 1,400
pounds; in other words, one thousandth part of
organic impurities in terms of the weight of the
sand reduced the strength of the concrete over 25
per cent. In the investigation of the effect of
organic impurities many natural sands were used,
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but as it was not feasible to secure sands con-
taining a wide variation of organic impurities,
tannic acid was used as a substitute for the pur-
pose of making further tests. It was felt that
the effect produced by such a material would
probably be a measure of the effect produced by
other organic impurities which might be present
in natural sand.
How can these organic impurities be detected
if they cannot be seen by ordinary inspection?
By using the colori-metric test for organic impuri-
ties which was devised at the laboratory. This
test consists of digesting a representative sample
of the sand in a dilute solution of sodium hydrox-
ide (caustic soda=Na OH) and observing the
resulting color of the liquid.
All that is needed is a 12-oz. prescription bottle
and a little 3 per cent solution of caustic soda or
sodium hydroxide, both obtainable at any drug
store.
Put in about 4y2 ounces of tho sand to be
tested, fill up to the 7-ounce mark; after shaking,
with the solution of caustic soda, let it stand for
24 hours and observe the liquid on .top. If this
liquid is clear or light straw colored use the sand,
if it runs into the brown color, and especially
dark brown, reject the sand or wash it thoroughly
before using.
The second fact is that with one exception fine
sand behaves exactly the same as coarse sand.
In order to produce a plastic workable mixture
with fine sand it is necessary to use more water
than with a coarse sand. It is the excess of
water that reduces the strength of the concrete.
In other words, if concrete could be mixed with
the same quantity of water regardless of the
grading of the sand, and a plastic mix obtained
in both cases, the same strength would be secured
in the concrete.
COARSE AGGREGATE
When studying the characteristics of coarse
aggregate one conclusion has been brought out
very sharply, namely, that the hardness of the
owing to its high specific heat, and may be used
without danger of harming the concrete,
aggregate is a secondary consideration, as com-
pared with other factors, in developing high
crushing strength in concrete, and of less import-
ance than ordinarily supposed in developing wear-
ing qualities. This was very clearly shown in
comparative tests made of burnt shale for use in
building concrete ships. Samples made with this
aggregate compared very favorably with those
made with a much harder aggregate. A stone
must be very friable indeed if it is not strong
enough, when properly combined in concrete, to
more than maintain the load likely to be carried
by the concrete.
The reason for the high compressive results
secured where a light, soft aggregate is used, is
because the water content is reduced, owing to
the porosity of the aggregate, and is not due to
a higher compressive strength in the aggregate.
Again the water content is the governing factor.
For road surfaces, however, another quality is
needed in concrete, namely, wearing or abrasive
quality, and to obtain this the stone must not be
too soft. It is not advisable to use a stone with
a French coefficient of less than 7, although pave-
ments have given excellent results made with
stone having a coefficient as low as 6.
It is not intended in calling attention to the
above results to advise throwing down the bars
and allowing the use of any and all stones, irre-
spective of their hardness or wearing qualities.
It is desired, however, to show that many of the
safeguards that have been put into specifications
in past years are not safeguards at all, and that
the effect of following them may be entirely lost
through neglect to observe other factors of more
vital importance. It is also advisable to use the
best materials obtainable, but there have been
many cases where the local and easily obtainable
material has been rejected, when it could have
been used with excellent results, by following
proper principles in proportioning and protecting
the concrete.
Oftentimes better results would have been ob-
tained than resulted from the use of imported
materials and then neglecting the really import-
ant factors in making good concrete.
WATER
The remaining ingredient of concrete, water,
is in reality, of equal importance with the cement
in obtaining good concrete, and yet it is often the
most carelessly used and most loosely specified of
all the ingredients, generally not being mentioned
in specifications and frequently not even reported
in test data.
The laboratory is now conducting tests of
waters sent in from all parts of the country, but
definite conclusions have not as yet been devel-
oped. It is safe to say, however, that waters
which are strongly alkaline should not be used,
and, owing to the possibility that marsh waters
may contain sufficient humus matter to affect
seriously the strength of concrete, they should be
looked upon with suspicion until tested in con-
crete and found satisfactory.
With regard to the temperature of the mixing
water, tests have been made, using water ranging
in temperature from 32 degrees to 212 degrees F.
It was found that the temperature of the mixing
water had very little to do with the strength of
the concree at seven days to one year. The use
of hot water is, however, a valuable aid in remov-
ing frost from the aggregate in cold weather,
PROPORTIONING
On studying the second phase of concrete mak-
ing, there have been brought out at the laboratory
new, and in some ways, radical changes in the
past and present parctices of proportioning.
These investigations have brought out the fol-
lowing facts: That the present method of design-
ing concrete mixtures by using arbitrary volumes
is wrong; that there is one single proportion
which will give the best results with a certain
mixture of given fine and coarse aggregates;
adding to or reducing the amount of cement is
of value only as it affects the relative quantity
of water required to make a workable plastic
mixture and above all, that the water-ratio is the
most important element of a concrete mix. The
water-ratio is the ratio of the volume of water to
the volume of cement in the batch. If one cubic
foot of water (7.5 gals.) is used for each sack of
cement, the water ratio is 1.00.
The use of more cement in a batch does not pro-
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duce any beneficial effect except from the fact
that a plastic, workable mix can be produced with
a lower water-ratio. The reason that a rich mix-
ture gives a higher strength than a leaner one is
not that more cement is used, but because the
concrete can be mixed with a water-ratio which
is relatively lower for the rich mixture than for
the lean one. If advantage is not taken of this
possibility of reducing the water-ratio the addi-
tional cement in the richer mixture is wasted.
FINENESS-MODULUS
In studying the results of the tests of many
samples of various combinations of aggregates it
was evident that there must be some relation be-
tween the size and grading of the aggregates and
the strength of the concrete. In trying to find
this relation Professor Abrams struck upon what
is called the "fineness modulus" of aggregates,
and when this was compared with the strengths
of the concrete a direct relation was found to
exist.
The fineness modulus is a very simple function
of the sieve analysis of the aggregates used for
any particular concrete. The sand and stone are
analyzed with a set of Tyler standard sieves, each
one of which has a clear opening double the width
of the next smaller. The following sizes are
used: 100, 48, 28, 14, 8, 4, %", %" and iy2".
The percentages (by volume or by weight) of the
total aggregate coarser than each sieve are added
together, the sum of these percentages is divided
by 100 and the result is the fineness modulus.
The fineness modulus of any combination of the
fine and coarse aggregates may be found in ex-
actly the same manner.
It is not possible to go into the details of the
use of this factor for the design of concrete mix-
tures in a paper of this length, but they were pub-
lished in the Engineering News-Record of April
17, 1919, and a careful study will enable one to
use this factor successfully.
It is not claimed that this method of designing
concrete mixtures is the only one that will give
the desired results, but the laboratory tests prove
beyond a doubt that there is a direct relation be-
tween the compressive strength of concrete and
the factor called the "fineness bodulus." Accept-
ing this as a fact, it is possible to design a con-
crete mixture that, will give a certain desired com-
pressive strength from almost any combination
of aggregates.
ABRAMS' TABLES OF PROPORTIONS
In order to make this more easily available to
the engineers of the country Prof. Abrams has
worked out a table containing 135 proportions
with different combinations of aggregates, which,
if used with materials acceptable as to quality,
will give a concrete with a compressive strength
at 28 days of approximately 3,000 lbs. per square
inch. All the tests for the determination of the
factors in this table were made of a concrete
of a workable plasticity, formed into cylinders
6"xl2" in size and tested at the end of 28 days.
In conformity with present practice the aggre-
gate is divided in the table into fine and coarse,
and covers combinations of five classes of fine
aggregates with twenty-seven classes of coarse
aggregates.
In order to determine in what class a known
aggregate shall be placed, the following rules
should be followed: If it is a fine aggregate at
least 15 per cent of the total shall be retained on
the next smaller sized sieve; if it is a coarse ag-
gregate at least 10 per cent shall be retained in
the same manner.
This table shows a considerable reduction in the
amount of cement required as compared with
previously published tables, especially when com-
bined with the larger sizes of aggregates. As an
illustration, the quantities used today for a 1:2:3
mix, with sand up to No. 4 and stone from No. 4
to l1/^" are 1.74 bbls. cement, 0.52 cu. yd. sand
and 0.77 cu. yd. of stone, per cu. yd. of concrete.
Concrete designed according to Prof. Abrams'
table requires 1.61 bbls. cement, 0.47 cu. yd. sand
and 0.72 cu. yd. stone per cu. yd. of concrete.
These figures are the exact quantities required
for the making of one cubic yard of concrete hav-
ing a strength of 3,000 pounds, and if used will
effect a very material saving in the cost of con-
crete roads and pavements, and other concrete
structures to be built in the years to come
An allowance for waste, varying for each ingre-
dient and also according to the particular method
employed in handling the work, should be added
to the quantities given in the table. Professor
Abrams is now preparing tables similar to the
one already published, for concrete with compres-
sive strengths of 2,000 and 2,500 lbs. per square
inch. As soon as these tables are completed they
will be published in the technical press.
WATER CONTENT
It is upon studying the water content that the
most radical changes from previous ideas on the
design of concrete mixtures is found.
Based upon thousands of tests it has been es-
tablished that there is a direct connection between
the amount of mixing water used and the strength
of the concrete, and there is probably no other
one factor which has so great an effect upon the
strength as the water content.
It has been found that the less water used down
to a certain point, the stronger will be the con-
crete, but this does not mean that the amount of
water can be reduced too far, nor that in actual
construction it can be reduced to a point that
would give the maximum strength shown in lab-
oratory tests. There is another factor that must
be taken into account in construction and that is
the workability of the mix. In general terms it
can be stated that the lowest amount of water
should be used that will give a workable mix.
The strength falls off very quickly with the
addition of a small amount of water; so much so
that in a one bag batch the addition of one pint
of water more than is necessary to give a work-
able mix produces the same loss in strength as if
two or three pounds of cement had been left out.
Do not think from this that a very lean mix with
a small quantity of water will give as strong a
concrete as a rich mix with the same quantity of
water. This is not true, because it will require
a higher water-ratio to produce a workable mix
with the lean mixture, thereby causing a loss in
strength.
The proper consistency for concrete will vary




Sizes 4 and 7 cubic feet mixed concrete. May be
equipped with low charging platform, charging skip or
batch hopper, automatic water measuring tank and
light duty hoist.
The Lowest Price You Can Afford to Pay
are lighter mixers than
A theDandie. There are cheaper
mixers than the Dandie.
But the Dandie is as light as a good mixer
should be built. And its price is the low-
est for which such a mixer can be sold.
The Dandie is made by the largest makers
of heavy duty mixers in America. Every
economy of automatic machinery, stand-
ardized processes, and quantity production
is reflected in its price.
In it is incorporated many of the features
of the Koehring heavy duty mixers. It
has the famous Koehring re-mixing action
—the double gear drum drive—drum
rollers keyed to shafts turning in big
bearings.
Its cost is the lowest price you can af-
ford to pay ! It is not the cheapest mixer,
but the reliable, money-making, long-
service light mixer, at the extremely rea-
sonable price which makes it the big value




Send back the coupon for the Dandie catalog.
You do not obligate yourself in any way—it
brings you money-making information about
the money-making light mixer.
KOEHRING MACHINE CO
Milwaukee, Wisconsin
Please send me Dandie Catalog
Name
Address ',
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Hercules Explosives
and the Metal Mines
The wide use of Hercules
Dynamite in metal mines
means tha t these explosives
make good—that they can and
do increase production and cut
costs.
Dependable explosives, ex-
plosives which are known to be
of high and uniform quality,
are in constant demand in the
mines—and the name Hercules
stands for all of this.
Hercules Explosives can help
you in your mine. Every blast-
ing problem will be quickly
and efficiently solved by one
or another of the many form-
ulas and strengths of Hercules
Powders.
Your own knowledge of local
conditions will probably en-
able you to choose the grade
of explosives best suited to your
needs, but we are always glad
to advise on this when asked.
Our service stafT will answer
your questions promptly and
fully.
HEl&ULES POWDER CO.
Chicago St. Louis New York
Pittsburj. Kan. Denver Hazleton, Pa.
San Francisco Salt Lake City Joplin
Chattanooga Pittsburjh, Pa, Wilmington, Del.,
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according to the use to be made of it. If the con-
crete is to be used for roads a dryer consistency
is permissible than for concrete containing rein-
forcing bars.
The use of mechanical tamping and finishing
machines in concrete road construction has made
it possible to use the dryer consistency economi-
cally, but any method which reduces the water
content, such as the use of the light roller, will
produce similar results.
The very wet sloppy mixtures that are being
used in building construction may seem economi-
cal from the contractor's point of view, but they
are certainly extremely wasteful from the de-
signer's and owner's point of view, as from 50 to
60 per cent of the possible strength of the con-
crete is being thrown away.
It may not be possible to reduce the amount of
the water to the ratio necessary to give the maxi-
mum strength, but it certainly can be cut down
below the amount commonly used, and the addi-
tional strength thus gained will be of advantage
in the design of concrete structures. The design-
ing engineer figures on a compressive strength of
650 lbs. per square inch and expects to get a fac-
tor of safety of three, but does not get it with
the sloppy mixture often used. By cutting down
the water to the proper ratio, a factor of safety
of five or six can be secured, and the present
allowable unit stress raised.
It is not possible to give the exact amount of
water required for any particular mixture of ag-
gregates to give the greatest strength in the con-
crete, owing to th£ impossibility of determining
what amount will produce a workable mix and
also due to the varying moisture content of the
aggregate. A few approximate quantities for
different proportions of well graded aggregates
up to 11/2 in. in size, may be given to form a basis
for trial of the particular mixture at hand. A
1:2:4 mixture will require from 6 to 6V2 gallons
of water per sack of cement; a 1:2:3 mix, 5%
to 6!/4 gallons, and a 1:1^:3 mix, 51/2 to 6
gallons.
SLUMP TEST
In order to have a simple method for determin-
ing the proper consistency in the field the slump
test has been devised. At first a metal cylinder
6 inches in diameter and 12 inches high was used,
but now a frustum of a cone 4 inches in diameter
at the top and 8 inches at the bottom, and 12
inches high, has been adopted as a standard.
This cone is filled with the concrete to be tested,
which is carefully worked with a metal rod while
it is being placed, the form is immediately lifted
off, and the settlement or slump measured. The
proper slump for a mixture to be used for a con-
crete road surface is from 1/2 "to 1 in.; for mass
work, from 1 to l1/^ in., and for concrete to be
used in building walls with reinforcing bars, 2 to
21/2 in. In some classes of reinforced concrete
work it may be deemed advisable to sacrifice a
portion of the compressive strength of the con-
crete in order to obtain increased plasticity, in
which case a slump of from 4 to 6 inches may be
used, but in no case should it exceed 6 inches.
MANIPULATION OF INGREDIENTS
In considering the final step, the manipulation
of the ingredients during the making of the con-
crete, careful studies have been made of each
operation. Included in this phase is the curing
or protecting of the concrete during the early
hardening period, as this is one of the vital oper-
ations in the making of good concrete.
The time of mixing is a matter of importance
in obtaining good concrete and one that vitally
affects the output of the mixer and consequently
t'ne cost. Exhaustive tests made on concrete
mixed in a batch mixer from 15 seconds to 10
minutes, show a rapid increase in strength for the
first minute, after which the increase is less pro-
nounced as the time of mixing increases. This
shows the necessity of mixing the concrete at least
60 seconds, and not 20 to 40 seconds only, as is
often done in road and street construction. There
is no question as to the advisability of using a
batch meter on the mixer, provided one can be
found that cannot be tampered with, in order to
avoid controversy over the time of mixing and to
insure a full minute mix. When a mixer is man-
ufactured that will not permit discharge until a
certain number of revolutions have been made at
a certain speed, this problem will have been
solved.
The revolutions j>er minute of the mixer within
the limits of 12 to 25 R. P. M. have but very
little effect on the strength of the concrete, so that
a sufficiently wide variation for different machines
is permitted. In making tests of the effect of
R. P. M. on concrete the total time was one minute
in all cases, and all materials, including water,
were placed in the drum before the time interval
was counted.
The effect of pressure on concrete immediately
after moulding is found to be due to the amount
of water squeezed out, making a consequent re-
duction of the water-ratio. Tests were made on
concrete of the same proportions, by applying
pressure from zero to 500 lbs. per square inch.
The water expelled was carefully collected and
measured. It was found the strength increased
quite materially with the higher pressures and
this increased strength was almost directly pro-
portional to the amount of water squeezed out.
it is not surprising to find, then, that the dura-
tion of the pressure had no effect whatever on
the strength of the concrete. Whether pressure
was applied for a few minutes or for several
kours, the effect produced was exactly the same,
it is undoubtedly the squeezing out of the water
and consequent reduction of water-ratio that pro-
duces the excellent results when the roller method
of finishing concrete roads is used.
The time that can be allowed between the time
of mixing and the time of placing has not as yet
been made the subject of extensive tests at the
laboratory. This knowledge is of value when
considered in conjunction with central mixing
plants, which are used with success in many
places. The lapsed time is undoubtedly governed
to a certain extent by the kind of cement used,
by the temperature of the ingredients and by the
temperature of the mixed concrete. In Illinois a
limit of 40 minutes lapsed time is allowed, but it
is generally believed that the economical haul for
the job will be the governing factor rather than
the fixing of a time limit.
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It is possible that some of the present ideas
regarding this factor may be changed by the re-
sults of such a series of tests, but until such a
time it would not be advisable to allow retemper-
ing of concrete that has been too long in transit,
as the addition of water will no doubt result in
a reduction in strength.
PROTECTION
The proper protection of concrete during the
early hardening period is a detail of construction
that is only too often overlooked and many times
only indifferently carried out. The effect of
proper curing conditions upon the ability of the
concrete to withstand abrasion has been very
strongly brought out by numerous tests in the lab-
oratory. There is probably no factor in the hand-
ling of concrete that so affects its wearing ability
as that of providing proper protection while cur-
ing or hardening.
It is true that any and all of the factors that
tend to produce strength in concrete also tend to
increase its wearing qualities; nevertheless all of
our tests show that, other factors being the same,
the concrete which is properly protected will show
much less wear than that which has been allowed
to dry out too quickly. As an illustration of this,
the strength of a concrete of 1.25 consistency was
about 1700 lbs. per square inch when it was
allowed to dry out in the air unprotected, while
exactly the same concrete stored in damp sand
for 21 days gave a strength of about 4,000 lbs. per
square inch, and a correspondingly less wear
under the rattler test.
One of the principal causes of the poor wearing
resistance that is sometimes found in concrete
floors is due to the practice of allowing them to
dry out without proper protection during the
hardening period. Concrete floors under roof
should be covered and kept moist just as outside
roads and pavements are protected. Why throw
away one-half of the life of a concrete floor by
failing to observe this rule and holding back from
using them for so short a period?
The essential requirements for proper harden-
ing are warmth and the presence of moisture,
especially the latter. The tests show a less in-
crease in wearing resistance and strength after
21 days have elapsed and a constant rate of in-
crease during this period. In deciding on the
length of time that a pavement, or other structure,
shall be kept covered and moist, it is simply a
matter of deciding how much of the potential
strength and wear resisting qualities it is desir-
able to throw away, and reducing the 21-day
period by that amount.
There are several methods of protecting con-
crete pavements during this period, the most
effective of which is the ponding method, and
where the grades and other conditions will per-
mit this method to be used, it will give the most
lasting results. The protection of concrete struc-
tures other than pavements is very often either
neglected altogether or at best only half carried
out. Many times the leaving on of the forms is
considered to be sufficient protection in itself, but
this is not so.
The forms of all exposed surfaces should be
kept thoroughly wet, or, at least very moist, con-
tinuously for not less than 14 days and whenever
possible for 21 days or more.
CONCLUSION
This paper outlines to you some of the more
important developments resulting from the
studies at the laboratory. It has a double object:
First, to impress upon you the advisability of de-
signing each concrete mixture to produce a con-
crete of a certain desired strength, with the par-
ticular ingredients available. Second, to show
you how the desired results could be obtained.
In reviewing the methods to be employed in
obtaining good concrete there are two points
which stand out above all others, and if these are
followed more good will have been done than by
following all other refinements put together. The
first of these is, that the least amount of mixing
water shall be used that will give a workable mix,
and not one drop more. The second is, that no
matter with what care the ingredients are chosen,
proportioned, mixed and placed, a considerable
portion of the beneficial results of this care will
be nullified unless the concrete is kept moist dur-
ing the early hardening period.
September, 1920.
